Summary Bone mineral density does not explain race/ ethnicity differences in hip fracture risk. In this study, we demonstrated that race/ethnicity differences in composite hip strength indices were consistent with documented race/ethnicity differences in hip fracture risk, suggesting that unlike bone density, the composite indices may represent ethnicity-independent measures of bone strength. Introduction African-American and Asian women have lower risks of hip fracture than Caucasian women, but such racial/ethnic variation in hip fracture risk cannot be explained by bone mineral density (BMD). The composite indices of femoral neck strength integrate femoral neck and body size with BMD and predict hip fracture risk in Caucasian women. We hypothesize that unlike race/ethnic differences in BMD, race/ethnic differences in the composite strength indices would be consistent with race/ethnic differences in hip fracture risk. Methods We studied a community-based sample of Caucasian (n=968), African-American (n=512), Chinese (n= 221), and Japanese (n=239) women, premenopausal or in early perimenopause, from the Study of Women's Health Across the Nation. Results Unadjusted indices were similar in Caucasian and African-American women but higher in Asian women. After adjusting for age, body mass index, and menopause status, all three minority groups had higher composite strength indices than Caucasian women. Foreign-born Japanese women had higher unadjusted and adjusted composite strength indices than US-born Japanese women, but such differences by nativity were not observed in Chinese women. Conclusion We concluded that composite strength indices have the potential to explain racial/ethnic differences in hip fracture risk, suggesting that composite strength indices may represent ethnicity-independent measures of bone strength. This contention needs to be verified by further research on the fracture predictive ability of composite strength indices in multi-ethnic longitudinal cohorts.
Introduction
There is substantial variation in the incidence of hip fracture across race/ethnicity groups, both nationally and internationally. In the USA, hip fracture rates are consid-erably higher in Caucasian women than in Asian, AfricanAmerican, and Hispanic women [1] [2] [3] [4] [5] [6] [7] . Low bone mineral density (BMD), as measured by dual energy X-ray absorptiometry (DXA) [8] , is the most reliable and validated predictor of hip fracture risk [9, 10] within race/ethnicity groups (including white women [3, 4, [11] [12] [13] [14] [15] [16] [17] [18] [19] , white men [15, 16] , African-American women [3, 4, 11, 16] , AfricanAmerican men [16] , Asian women [3, 11, 20] , Asian men [20] , and Hispanic women [3, 11] ). However, low BMD fails to account for inter-racial variation in hip fracture risks. For example, although Japanese women have lower BMD than white women [21] [22] [23] [24] , they have lower risk of hip fracture than white women [1, 2] . One large-scale multi-ethnic longitudinal study demonstrated that AfricanAmerican and Asian women had lower risks of fracture than white women, even after adjusting for weight, BMD, and other clinically important factors [11] .
This inability to capture inter-racial variation in hip fracture risk with BMD alone or in combination with other measured variables has meant that clinicians have to include race/ethnicity information to predict their patient's hip fracture risk, either in the form of ethnicity-specific Tscores and Z-scores [25] or nation-and ethnicity-specific web-based fracture risk calculators (http://www.shef.ac.uk/ FRAX/index.htm).
Unfortunately, the use of race/ethnicity in predicting an individual's fracture risk is problematic for a variety of reasons. First, ethnicity is often poorly defined, and diverse ethnic subgroups are frequently categorized under a single label (e.g., Asian-American, which includes disparate ethnic groups from East, Southeast, South, and West Asia) [26] [27] [28] . Second, ethnicity is often used as a proxy for unmeasured individual factors such as genetics, family history, and lifestyle, in order to capture inter-ethnicity differences in these factors [27] . Findings obtained with such usage of race/ethnicity variables may lack validity if the unobserved factors are not homogenous within an ethnic group. Third, our ability to gauge fracture risk is predicated on knowing the individual's race/ethnicity-a difficult proposition for those from mixed ethnic backgrounds-and on the availability of a BMD reference database for that race/ethnicity group. Therefore, the use of race/ethnicity, although useful in population-based studies, may not be appropriate for predicting individual patients' fracture risk.
Body size and femoral neck geometry predict fracture risk independent of BMD [29] [30] [31] and vary significantly by race/ethnicity. Composite indices of femoral neck strength [32] integrate body size and bone size with bone density (the latter two are obtained from hip DXA scans) to capture the major structural contributions to bone strength (from bone density and bone size) relative to loads applied to bone during falls (proportional to body weight and height).
The composite indices are inversely associated with incident hip fracture in community-dwelling Caucasian women [32] . We hypothesize that race/ethnic differences in fracture risk are mostly due to differences in bone strength relative to load (and less due to race/ethnic differences in fall risk) and postulate that the composite indices of femoral neck strength will allow hip fracture risk stratification in an ethnicity-independent manner. Thus, we propose that composite indices of hip strength could allow hip fracture risk assessment in individuals of unclear/mixed ethnicity and in under-represented race/ethnic groups that do not have a BMD reference database. The ideal test of this thesis would be to evaluate whether composite hip strength indices predict fractures in a sample of persons from diverse ethic/racial backgrounds. However, as an interim step, construct validity of the idea would be supported if inter-ethnic differences in composite strength indices were consistent with known inter-ethnic differences in hip fracture risk. This study was designed to test this latter contention.
We used baseline data from the Study of Women's Health Across the Nation (SWAN) to examine differences in composite strength indices among women from four race/ethnicity groups (African-American, Caucasian, Chinese, and Japanese) enrolled in a longitudinal study of menopause and midlife. At SWAN baseline, women were aged 42-53 years and were either premenopausal or early perimenopausal. The associations between race/ethnicity and bone strength are minimally confounded by menopause status in SWAN, because menopause-transition-associated changes in BMD do not occur until late perimenopause and postmenopause [33] . We hypothesized that the composite strength indices would be higher in Japanese, Chinese, and African-American women compared with Caucasian women, consistent with known inter-ethnic differences in hip fracture risk.
Methods
SWAN is a multi-center, multi-ethnic longitudinal study designed to characterize the biological and psychosocial changes that occur during the menopausal transition. In brief, criteria for entry included: age 42-53 years, no surgical removal of the uterus and/or both ovaries, not currently using exogenous hormone preparations affecting ovarian function, at least one menstrual period in the 3 months before enrollment, self-identification as a member of one of five ethnic groups-Caucasian, African-American, Hispanic, Chinese, or Japanese [34] . Participants were enrolled in 1996/1997 at seven clinical sites. Five sites enrolled women into the SWAN bone study and obtained DXA scans of the spine and hip: Boston, Massachusetts; Detroit, Michigan; Los Angeles, California; Oakland, California; and Pittsburgh, Pennsylvania. All five SWAN bone study sites enrolled Caucasians, and each site also enrolled women belonging to one pre-specified minority ethnic group-African-American in Boston, Detroit, and Pittsburgh and Japanese and Chinese in Los Angeles and Oakland, respectively. The five sites together enrolled 2,413 women from four ethnic groups into the bone study cohort, 46 of whom did not get hip BMD measurement because they weighed more than 136 kg (the maximum allowed on the DXA machines). Femoral neck size measurements on archived hip DXA scans were made, as part of the SWAN Hip Strength Sub-Study, on 1,940 women (968 Caucasian, 512 African-American, 239 Japanese, 221 Chinese) who had a baseline hip DXA scan and two or more follow-up hip DXA scans in longitudinal follow-up. The SWAN and sub-study protocols were approved by the Institutional Review Board at each site, and all participants gave written informed consent.
Measurements
Demographic data, health behavior data (including information on physical activity and smoking), and medication use data were obtained with standardized interviews and self-reported questionnaires. Height and weight were measured using a fixed stadiometer and a digital scale with the participants wearing light clothing and no shoes. Body mass index (BMI) was calculated as weight (kilograms) divided by the square of height (meters).
DXA scans of the hip were acquired using standardized protocols and cross-calibrated Hologic QDR 4500 or Hologic QDR 2000 scanners (Hologic Inc., Waltham, MA, USA) and OsteoDyne's Hip Positioner System (Osteodyne, Inc.) The quality control program for DXA in SWAN has been previously described [33] . The projected (areal) BMD in the femoral neck was recorded. Femoral neck axis length (FNAL) is the distance along the femoral neck axis from the lateral margin of the base of the greater trochanter to the apex of the femoral head. Femoral neck width (FNW) is the smallest thickness of the femoral neck along any line perpendicular to the femoral neck axis (Fig. 1) . Measurements of FNAL and FNW were performed using the region of interest (ROI) window, which was repositioned and resized by the DXA operator so that a side of the ROI window spanned the geometric measures of interest. Then, the pixel locations of relevant window corners were recorded and used to calculate the relevant distances in millimeters, using pixel dimensions provided by the manufacturer, Hologic, Inc. Composite indices of femoral neck strength are designed to capture bone strength, which is derived from bone size (FNAL and FNW) and bone density (BMD), relative to the size of load during a fall, which is assumed to be proportional to body size (weight and height), and calculated using the following formulas [32] :
CSI reflects the ability of the femoral neck to withstand an axial compressive load, BSI reflects its ability to withstand bending forces, and ISI reflects the ability of the femoral neck to absorb the energy of impact in a fall from standing height. To examine reproducibility, 20 women volunteers were scanned twice on the same day with repositioning, and femoral neck BMD, FNW, and FNAL were measured twice. Intraclass correlation coefficients for the three indices were all greater than 0.98.
Statistical analysis
The distributions of the composite strength indices were examined and confirmed to be normal (skew 0. sion was used to adjust for potential confounders. Because our aim was to examine if race/ethnicity differences in the strength indices were consistent with known race/ethnicity differences in hip fracture risk, we first adjusted for factors that might confound the association between bone strength and hip fracture risk. Most hip fractures occur as a result of a fall [35] ; thus fall risk and the amount of soft tissue padding over the hip (which absorbs some impact energy) are related to hip fracture risk [36] . Hence, we adjusted for age (continuous)-a risk factor for falls [37] , and BMI-a surrogate for relative soft tissue mass (categorized as "low (BMI<22)," "normal (22≤BMI<25)," "overweight (25≤ BMI<30)," "obese (30≤BMI)"). In addition, because age at menopause can vary by race/ethnicity, we included adjustment for menopause status (pre vs. early peri). To control for measurement variability by study site and scanner type, we also adjusted for type of DXA scanner (Hologic 4500 vs. 2000) and study site. Because BMI was substantially different between race/ethnicity groups, we tested if race/ethnicity differences in strength indices varied by BMI, by including race/ethnicity × BMI interactions.
We next examined several factors as potential sources for the race/ethnicity differences in strength indices, by adding them to the models to test if and how much they explained the race/ethnicity differences in composite strength indices. In this step, we added smoking status (never, past, current), physical activity (a summary score of active living, home, and recreational physical activity was dichotomized at the median [38] ), and medication use (none vs. any for oral steroids, supplementary vitamin D, and calcium) [39] .
Previous studies have found that foreign-born Japanese and Chinese American women had lower areal BMD compared with US-born counterparts or white women [40] [41] [42] . Place of birth is a surrogate marker reflecting the environmental differences early in life before the peak bone mass is achieved [43] . To examine the effect of birthplace on the composite strength indices, we compared the mean values of the composite strength indices in US-born Japanese and Chinese participants with those of foreignborn Japanese and Chinese participants, using unmatched t tests. Multiple linear regression analysis was employed to adjust for covariates.
Results
Distributions of characteristics across race/ethnicity are shown in Table 1 . Japanese women were slightly older than African-American women but of similar age as Caucasian and Chinese women; Chinese and Japanese women were shorter and weighed less than Caucasians or African-American women. Compared with Caucasian women, African-American women were of similar height, but had greater weight. Unadjusted femoral neck areal BMD was highest in African-American women, followed by Caucasians, and lowest in Chinese and Japanese women. FNAL was higher in Caucasians and AfricanAmerican than in the Asian groups. FNW was lowest in Chinese women but similar among the remaining three groups.
In the complete sample, none of the composite strength indices were significantly correlated with femoral neck areal BMD; however, after stratification by race/ ethnicity, in each race/ethnicity group, each of the composite strength indices was positively and significantly correlated with BMD, with only two exceptions: BMD was not correlated with ISI in African-American and Chinese women.
Between-ethnicity comparisons of composite strength indices Table 2 shows differences in unadjusted and adjusted means of composite strength indices between Caucasians and the other three race/ethnicity groups. Unadjusted means of all three composite indices were comparable between African-American and Caucasian women, but significantly higher in both Asian groups. The ChineseCaucasian difference was 9% (0.5 standard deviation, SD) or more, and the Japanese-Caucasian difference was 16% (1.0 SD) or more.
After adjusting for age, menopausal status, BMI, DXA scanner type (Hologic 4500 vs. 2000), and study site, all three minority groups had higher means of each of the three composite strength indices than Caucasian women (Table 2 , model 2). Race/ethnicity × BMI interaction terms were not significant for all three indices. (p=0.76 for CSI, 0.21 for BSI, 0.77 for ISI).
Differences in the composite strength indices between Caucasians and the other three groups did not diminish significantly after inclusion of smoking status, physical activity, and medication use in the model, suggesting that these factors did not explain the higher femoral neck strength in the three non-Caucasian groups (Table 2 , model 3).
Within-ethnicity differences by place of birth US-born Chinese women were significantly higher, more physically active, and more likely to be either a current or past smoker than foreign-born Chinese women, but otherwise, there were no significant differences between these two groups. US-born and foreign-born Japanese women were of similar height, but US-born Japanese women weighed more and were more likely to be obese/ overweight than foreign-born Japanese (Table 3 ). There were no significant differences in femoral neck areal BMD, FNAL, or FNW by place of birth. Age at immigration was similar between Chinese and Japanese foreign-born women (p=0.96).
Comparisons of composite strength indices by place of birth are shown in Table 4 . Among Chinese women, there were no differences in hip strength indices by place of birth either before or after adjustment. Foreign-born Japanese women had significantly higher mean values of each of the three composite indices compared to US-born Japanese women; each of the indices was about 11% (or 0.8 SD) greater. This advantage for foreign-born Japanese women over their US-born counterparts persisted after adjusting for age, BMI categories, and menopause transition stage (Table 4 , model 2). Further adjustment for smoking, physical activity, and medications did not diminish the difference in strength indices between US-born and foreignborn Japanese women (Table 3 , model 3). 
Discussion
In this cross-sectional study of 1,940 premenopausal/ early-perimenopausal women from four ethnic groups, we examined inter-ethnic and within-ethnic differences by place of birth in femoral neck composite strength indices. These indices combine femoral neck BMD, body height and weight, and femoral neck size to quantify strength (resistance to fracture forces) relative to load (forces placed on the hip during a fall). We found that, consistent with known inter-ethnic differences in hip fracture risk, African-American, Chinese, and Japanese women have higher values on all three composite strength indices than Caucasian women. These differences were seen despite the lower BMD in both Japanese and Chinese women, compared to Caucasians, and the higher load (body weight) in African-American women compared to Caucasians. The ethnic/racial differences in hip strength indices seen in this study were large: strength indices were at least 0.5 SD greater in Chinese than in Caucasian women and at least 1.0 SD higher in Japanese versus Caucasian women. In one study of Caucasian women, a 60% relative reduction in hip fracture risk was associated with each SD increment in composite strength indices [32] . If the composite indices confer similar protection in the ethnic groups studied here, the observed differences would translate to hip fracture relative risk reduction of 35% in Chinese compared to Caucasian women and 60% in Japanese compared to Caucasian women. These differences are consistent with reported differences in risks of fracture in these ethnic groups [11] and parallel US Medicare data showing that Chinese and Japanese women in the USA have fewer hip fracture hospitalizations than Caucasians [2] .
We also found that foreign-born Japanese women had higher values of the three composite indices compared to US-born Japanese women. It is likely that US-born Japanese women and foreign-born Japanese women are similar in terms of genetic stock because Japan has been relatively isolated from the rest of the world for most of its history, and its genetic pool is relatively homogenous [44] . Therefore, the differences in values of femoral neck composite strength indices between US-born and foreignborn Japanese women may be attributable to environmental differences before they achieved the peak bone mass, since Japanese first-generation emigrants tend to have lifestyles and health behaviors more similar to those in Japan than subsequent-generation immigrants who are more westernized [1] .
In contrast to the finding in Japanese women, birthplace did not make a significant difference in femoral neck strength indices for Chinese women. We explored possible explanations for the differential impact of birthplace in Japanese and Chinese women. Age at immigration was similar in Chinese and Japanese foreign-born women. Differences in health behaviors were observed between US-born women and foreign-born women, but adjusting for these factors did not account for femoral neck strength index differences between US-born and foreign-born Japanese women. Other potential reasons for the differential impact of birthplace in Japanese and Chinese women are differences in extent of acculturation and number of generations since immigration in the US-born women and the greater genetic heterogeneity in Chinese compared to Japanese [45] . However, the observed differences in the composite strength indices between US-born and foreign-born Japa- nese were not consistent with the previous study which showed comparable hip fracture rates between Japanese living in Okinawa, Japan, and Japanese living in Oahu, Hawaii [1] . However, the study was conducted in the 1980s and needs to be repeated since cohort differences may be more obvious today. Our study has limitations that need to be acknowledged. First, the composite indices of hip strength employed in this study are structural measures based on macroscopic measurements from DXA scans and ignore microscopic features such as differences in the quality of cancellous mineralization and microarchitecture, both of which are important determinants of bone strength [46, 47] . In addition, the hip strength indices were derived using simplifying assumption that the femoral neck is a simple cylinder and do not take into account other aspects of shape such as femoral neck-shaft angle, which may be associated with hip fracture risks [30, 48] . We also had to make simplifying approximations in the estimation of the load during a fall, ignoring the direction of fall and the role of protective reflexes. Second, this is an observational study, and although we adjusted for major factors known to influence fracture risk and bone strength, we cannot rule out the possibility that our results are confounded by unrecognized risk factors that vary between race/ethnicity groups. Third, this cohort is limited to women, and studies have shown that there are race/ethnicity differences in bone strength in men also [24, 49] . Fourth, the DXA scanner used varied by study site: Hologic QDR 2000 versus QDR 4500. We adjusted for type of scanner to correct for measurement differences between scanners, but we could not determine in this study if there are systematic differences in measurements from the two scanners because of confounding by differences between participants from different sites. Further research into measurement differences between scanners is warranted.
Despite these limitations, this study is, to our knowledge, the first study to demonstrate that AfricanAmerican, Chinese, and Japanese women have higher values of hip strength, quantified using composite indices that assess bone strength relative to the load the hip is asked to bear. These differences are consistent with known inter-ethnicity differences in hip fracture risk, differences which cannot be explained by femoral neck areal BMD alone.
Inter-ethnic differences in a candidate ethnicityindependent fracture prediction index should be consistent with inter-ethnic differences in hip fracture risk (though it is just a necessary condition). To be sufficient, the predictive ability of such an index should be proved in longitudinal studies. What we demonstrated in this study was inter-ethnic differences in the composite strength indices are consistent with inter-ethnic differences in hip fracture risk, and therefore, the indices may potentially be candidates for race/ethnicity-independent fracture prediction. This is especially important in individuals of unknown or mixed ethnicity and in race/ ethnicity groups for which a BMD reference database is not yet available. 
